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Gbg-Mediated Regulation of Golgi Organization Is
through the Direct Activation of Protein Kinase D
in this instance is Gbg, since treatment with purified
Gbg is sufficient to cause the complete fragmentation
of Golgi membranes. Golgi fragmentation induced by
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Golgi membranes in permeabilized cells that have been³Department of Cancer Biology
The Salk Institute washed with 1 M KCl to remove cytosolic and loosely
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barked upon the identification of an immediate targetFaculteit Geneeskunde
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of inhibitors of protein kinases as a first attempt to revealKatholieke Universiteit Leuven
Herestraat the class of components that might be downstream of
Gbg. The fact that free Gbg subunits can activate variousB-3000 Leuven
Belgium effectors, including the direct or indirect activation of a
broad range of kinases, makes this class of proteins
obvious candidates as downstream components in the
Golgi fragmentation process (Pitcher et al., 1998).Summary
In recent years, it has become increasingly clear that
members of the PKC family of proteins play a role inWe have shown previously that the bg subunits of the
the exocytic and endocytic pathways through the activa-heterotrimeric G proteins regulate the organization of
tion of lipid second messenger systems (Lehel et al.,the pericentriolarly localized Golgi stacks. In this re-
1995; Prestle et al., 1996; Simon et al., 1996; West-port, evidence is presented that the downstream tar-
ermann et al., 1996). The number of proteins in the PKCget of Gbg is protein kinase D (PKD), an isoform of
family is increasing, and the members are usually di-protein kinase C. PKD, unlike other members of this
vided into ªconventionalº PKCs (a, b1, b2, g) that requireclass of serine/threonine kinases, contains a pleck-
calcium and negatively charged phospholipids, diacyl-strin homology (PH) domain. Our results demonstrate
glycerol or phorbol ester for optimal activation, ªnovelºthat Gbg directly activates PKD by interacting with
PKCs (d, e, u, h/L) that are calcium independent, andits PH domain. Inhibition of PKD activity through the
finally, ªatypicalº PKCs (l/t, z) that require only nega-use of pharmacological agents, synthetic peptide sub-
tively charged phospholipids for activation. In addition,strates, and, more specifically, the PH domain of PKD
there are several kinases that are distantly related toprevents Gbg-mediated Golgi breakdown. Our find-
the PKC family. Among these is PKCm and its mouseings suggest a possible mechanism by which the di-
homolog protein kinase D (PKD), whose only resem-rect interaction of Gbg with PKD regulates the dynam-
blance to the PKC family is its phorbol ester±bindingics of Golgi membranes and protein secretion.
zinc fingers of the regulatory domain (Johannes et al.,
1994; Valverde et al., 1994). Among the unique featuresIntroduction
in the regulatory domain of this phorbol-sensitive, cal-
cium-independent kinase are a putative membrane-The membranes of the Golgi complex are organized into
spanning domain, a pleckstrin homology (PH) domain,stacks of cisternae and retained in the pericentriolar
an extended sequence separating the cysteine-rich do-region in mammalian cells. There is an extensive flow
mains in the N-terminal portion, the absence of a classi-of membranes to and from the Golgi cisternae during
cal pseudosubstrate domain, and a catalytic domainprotein transport, and yet amidst this flux of both mem-
that bears homology to the calmodulin kinase domainbranes and proteins, it maintains its unique organization.
(Valverde et al., 1994; Johannes et al., 1995). These char-This suggests the existence of an intricate regulatory
acteristics have rendered it difficult to assign PKD intomechanism that balances the functional demands of
the standard classification scheme. In this report, wethe organelle with its structural maintenance (Glick and
provide evidence that PKD is a downstream target ofMalhotra, 1998). We have employed the marine sponge
Gbg and thus plays a critical role in the regulation ofmetabolite ilimaquinone (IQ), which causes the complete
Golgi structure and function.vesiculation of the Golgi complex, as a tool to identify
the components regulating the organization of this or-
Resultsganelle. Initial investigations into the molecular details
of this process have revealed a role for heterotrimeric
The experiments described below are based on a pre-G proteins (Jamora et al., 1997). The active component
viously established assay (Jamora et al., 1997). Incuba-
tion of NRK cells with 30 mM IQ causes complete frag-‖ To whom correspondence should be addressed (e-mail: malhotra@
biomail.ucsd.edu). mentation and dispersal of the pericentriolar Golgi
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of the Golgi apparatus. We tested this hypothesis by
adding calphostin C to IQ-treated cells. This compound
potently inhibits various protein kinase C isoforms by
competing with diacylglycerol and phorbol esters at
their binding sites in the regulatory domain of these
proteins. The IC50 of this compound to inhibit protein
kinase C is 50 nM (Kobayashi et al., 1989). Addition of
100 nM of calphostin C with 30 mM IQ to intact NRK cells
did not inhibit the fragmentation of the Golgi apparatus
(Figure 1B). In NRK cells made permeable by treatment
with digitonin and salt washed with 1 M KCl, addition
of 100 nM calphostin C did not block Golgi fragmentation
induced by 25 nM Gbg (Figure 1C). Likewise, the myris-
toylated epidermal growth factor receptor fragment
(651±658), a membrane-permeant PKC inhibitor, did not
block the effects of IQ or Gbg (data not shown).
We next tested the possibility that cAMP-dependent
protein kinase (PKA) is involved in Golgi fragmentation.
The activity of PKA has previously been shown to be
required in the formation of vesicles from the TGN (Muniz
et al., 1997). This finding was made with the use of the
myristoylated form of the inhibitory peptide sequence
contained in the thermostable PKA inhibitor that inhib-
ited vesicular transport from the trans-Golgi network to
the cell surface. However, addition of up to 100 nM PKI
(Ki 5 36 nM), a specific inhibitor of PKA, to permeabilizedFigure 1. Effect of Kinase Inhibitors in IQ- and Gbg-Mediated Golgi
and salt-washed cells treated with an ATP regenerationFragmentation Assay
system and either 30 mM IQ or 25 nM Gbg did not abro-
(A) Intact NRK cells were incubated for 60 min at 378C in complete
gate fragmentation of the Golgi (Figures 1B and 1C).medium with 30 mM IQ with or without 90 mM H89. The organization
Likewise, addition of KT5720, another specific inhibitorof Golgi membranes was visualized by immunofluorescence using
of PKA, did not block the effect of either IQ in intactthe Golgi-specific antibody mannosidase II. Bottom panel, NRK cells
containing sialyltransferase-GFP (ST-GFP) were permeabilized with cells or Gbg in permeabilized, salt-washed cells (data
digitonin and salt washed with 1 M KCl. Cells were incubated with not shown).
25 nM Gbg with or without 90 mM H89 for 30 min at 328C. Cells Recently, a new member of the protein kinase C fam-
were fixed and the Golgi visualized by fluorescence microscopy
ily, PKD, has been found to be a resident kinase of theusing the ST-GFP. Percentage of cells with fragmented Golgi was
Golgi complex with a possible role in regulating the basaldetermined after treatment with 100 nM calphostin C, 100 nM PKI,
transport through this organelle (Prestle et al., 1996). Inor 90 mM H89 with 30 mM IQ in intact cells for 1 hr at 378C (B) or
25 nM Gbg in semi-intact, salt-washed cells for 30 min at 328C (C). a series of studies, Johannes and colleagues charac-
terized the activators and inhibitors of PKD that could
be used to differentiate the involvement of different
isoenzymes of the PKC family (Johannes et al., 1995;membranes (Figure 1A). The same is also observed in
Gschwendt et al., 1998). In their initial report, theypermeabilized cells washed with 1 M KCl to remove the
showed that among the limited number of compoundscytosolic and peripheral membrane proteins (Jamora
tested, the most potent inhibitor of PKD activation (mea-et al., 1997). Similarly, incubation of permeabilized,
sured by an increase in autophosphorylation) was 60salt-washed cells with 25 nM purified Gbg causes frag-
mM of the isoquinoline sulfonamide H89. This competi-mentation and dispersal of Golgi membranes (Figure
tive ATP antagonist is normally used as a highly specific1A). The IQ- and Gbg-mediated Golgi fragmentation and
and potent inhibitor of PKA (Ki 5 48 nM). Coincidentdispersal requires incubation with an ATP-regenerat-
treatment of intact cells with 30 mM IQ and H89 showeding system. The organization of the Golgi membranes
optimal inhibition of fragmentation at 90 mM H89 (Fig-is monitored by fluorescence microscopy either with
ures 1A and 1B). Though H89 also inhibits the activityGolgi-specific antibodies or NRK cells expressing sialyl-
of the cAMP-dependent kinase, the requirement for PKA
transferasezGFP. Two hundred cells are counted on
in Golgi fragmentation was ruled out by the observation
each coverslip and the organization of Golgi membranes
that PKI and KT5720 did not abrogate the effect of IQ.
defined as intact or fragmented. We then tested whether H89 could also inhibit Gbg-
mediated Golgi fragmentation. When 90 mM of H89
Involvement of a Specific PKC Isoform in IQ- and was added with 25 nM Gbg to permeabilized and salt-
Gbg-Mediated Golgi Fragmentation washed NRK cells, the percent of cells with fragmented
Multiple protein kinases have been shown to play critical Golgi was reduced from 85% (Gbg alone) to 5% (Figures
roles in regulating either Golgi function or structure 1A and 1C). Interestingly, a unique feature of PKD is its
(Muniz et al., 1997; Acharya et al., 1998). In light of this insensitivity to calphostin C at concentrations that inhibit
evidence, a pharmacological approach was used to test other isoforms of PKC (Johannes et al., 1994). This find-
whether members of the protein kinase C family are ing is consistent with our observation that this com-
involved in the signal transduction pathway that is initi- pound could not inhibit IQ- or Gbg-mediated fragmenta-
tion at 100 nM. The ability of these pharmacologicalated by IQ and culminates in the complete fragmentation
G Proteins and Kinases Regulate Golgi Organization
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Figure 2. Effect of Peptide Substrates on IQ- and Gbg-Mediated
Golgi Fragmentation
Permeabilized and salt-washed NRK cells were incubated with 25
mM of the respective peptide substrate and 30 mM IQ for 60 min at
328C (A) or 25 nM Gbg for 30 min at 328C (B) in the presence of an
ATP-regenerating system. The organization of Golgi membranes
was determined as described in Figure 1.
Figure 3. Specific Inhibition of Golgi Fragmentation by m Peptideinhibitors to inhibit the activity of their respective kinases
Substratewas verified under comparable assay conditions (data
(A) Sequence of the optimal and scrambled m peptide substrate.not shown). These findings suggest that a particular
Permeabilized and salt-washed cells were incubated with the indi-isoform of PKC, namely PKD, is involved in IQ- and Gbg-
cated concentrations of the m-based peptide substrate and 30 mM
mediated fragmentation. IQ for 60 min at 328C (B) or 25 nM Gbg for 30 min at 328C (C) in the
presence of an ATP-regenerating system. The percentage of cells
with fragmented Golgi was determined as described in Figure 1.Peptide Substrates of PKD Act as Competitive
Inhibitors of IQ- and Gbg-Mediated
Golgi Fragmentation
Nishikawa et al. (1997) have used an oriented library to (Figure 2B). The bI peptide was able to reduce Gbg-
mediated Golgi fragmentation in about 20% of cells,prepare synthetic peptides that are selective substrates
with high affinity for the respective PKC isozyme. Their whereas the PKCe peptide had no significant effect (Fig-
ure 2B).characterization of optimal peptide sequences showed
that the bI peptide substrate is suitable for phosphoryla- To further analyze the specificity of the m peptide
substrate in inhibiting IQ, we tested the effect of a pep-tion by all of the isozymes. However, PKCm (the human
homolog of PKD) was the only family member unable tide that deviates from the optimal peptide sequence
(Figure 3A). The scrambled form of the PKCm peptideto use the e peptide as a substrate. Finally, the m peptide
serves as a specific substrate, in that it was efficiently was observed to be 15-fold less efficient in being phos-
phorylated by PKD relative to the optimal m peptidephosphorylated only by PKCm/PKD. The effects of these
substrates as competitors of the endogenous targets sequence (data not shown). Random scrambling of the
entire sequence abrogated the inhibitory effects of thisfor the putative kinase were tested by loading permeabil-
ized, salt-washed cells with these peptides and assaying peptide over IQ (Figure 3B). Similar results were ob-
tained when Gbg was used instead of IQ as a meansfor their ability to prevent Golgi fragmentation induced
by IQ. Results from these experiments correlate well to fragment the Golgi membranes. Permeabilized NRK
cells were salt washed and incubated with an ATP-with the involvement of PKCm/PKD in this signaling cas-
cade. The m peptide substrate was tested over a range regenerating system, 25 nM Gbg, and the PKCm peptide
or its scrambled derivative. At 25 mM concentration, theof 5 to 100 mM and was optimally effective at inhibiting
IQ-mediated Golgi fragmentation at 25 mM (Figure 2A). scrambled m peptide sequence did not reduce Gbg-
mediated Golgi fragmentation, while at the same con-The PKCe peptide, which can be used as a substrate for
all PKC isozymes except for PKCm, did not significantly centration, the optimal PKCm peptide sequence re-
duced fragmentation in nearly 80% of cells relative todecrease Golgi fragmentation caused by IQ (Figure 2A).
Moreover, increasing the concentration of e pseudosub- cells treated with Gbg alone (Figure 3C). Furthermore,
the amount of Golgi fragmentation induced by Gbg wasstrate in the semi-intact and salt-washed cells to 50 mM
did not prevent Golgi fragmentation (data not shown). not affected by the presence of the scrambled peptide
at concentrations as high as 50 mM.This observation further supports our finding that other
members of the PKC family that can readily use this Therefore, the ability of the optimal peptide sequence
to inhibit the effect of IQ and Gbg correlates with itspeptide as a substrate are not involved in this signaling
pathway. The bI peptide was able to inhibit IQ-mediated ability to compete with the endogenous substrate of
PKD. The scrambled m peptide serves as a poor sub-Golgi fragmentation, though the inhibition was about
half as efficient as the m peptide at 25 mM (Figure 2A). strate and thus was not an efficient competitor for the
intracellular target of PKD. Together with the fact thatWe next analyzed the ability of the m peptide to block
Golgi fragmentation induced by Gbg. When 25 mM of this m peptide cannot be used as a substrate for other
protein kinase C family members, these observationsthe m peptide substrate was added with 25 nM Gbg to
semi-intact, salt-washed cells, Golgi fragmentation was strongly suggest that PKD is a component of the Golgi
fragmentation pathway.inhibited by 80% relative to cells treated only with Gbg
Cell
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Figure 5. IQ and Gbg Can Activate PKD on Golgi Membranes
Golgi membranes from rat livers were used in the protein kinase
assay described in the Experimental Procedures using syntide 2 as
a substrate. Kinase reactions were carried out at 378C for 20 min
Figure 4. Gbg but Not IQ Increases Autophosphorylation of Immu- with 30 mM IQ (A) or 25 nM Gbg (B) in the presence or absence of
noisolated PKD 90 mM H89.
PKD was immunoprecipitated from NRK cells and incubated with
[32P]ATP and either DMSO, 30 mM IQ, 25 nM Gbg, or 25 nM Gbg
(Figure 5A). When Golgi membranes were treated with 25and 90 mM H89. Following a 10 min incubation at 308C, reactions
were stopped by the addition of sample buffer, analyzed by SDS- nM Gbg, [32P]ATP, and syntide 2, there was an increase in
PAGE, and transferred to nitrocellulose. Phosphorylation was de- syntide 2 phosphorylation about 8.5-fold greater than
tected by autoradiography and immunoprecipitation, and loading control samples (Figure 5B). Similar to the finding for
efficiency of each sample was measured by Western blot using an
the immunoisolated PKD, the Gbg-stimulated activity ofantibody against PKD and densitometry. Results of autophosphory-
the PKD located on the Golgi membranes was inhibitedlation are normalized for protein levels in each sample.
by the presence of H89. The observation that IQ could
not directly activate immunoisolated PKD but required
another factor present on Golgi membranes is consis-IQ and Gbg Activate PKD
tent with our model that IQ induces the activation of PKDThus far, we have provided evidence that inhibiting PKD
by the generation of free Gbg from the heterotrimeric Gactivity effectively blocks the effect of IQ and Gbg on
protein complex (Jamora et al., 1997). In either case,the Golgi. If we are correct in our supposition, then PKD
whether IQ or Gbg was used to increase PKD activity,should be activated during IQ- and Gbg-mediated Golgi
the level of phosphorylation of a PKA substrate as wellfragmentation. We first tested whether IQ and Gbg were
as the e pseudosubstrate for other PKC isoforms wasable to increase the activity of this kinase by assaying
unchanged, thereby suggesting that these enzymes arefor an increase in autophosphorylation of PKD immuno-
not activated by these reagents (data not shown). To-precipitated from NRK cells. PKD was isolated from NRK
gether these data suggest that the early events by whichcells with a polyclonal antibody to the carboxy-terminal
IQ causes the fragmentation of the Golgi is as follows:region of the protein and immobilized on protein A±sepha-
IQ liberates Gbg from its association with Ga on therose. This immunocomplexed PKD was incubated with
Golgi membrane; an immediate target of the released[32P]ATP and either 30 mM IQ or 25 nM Gbg for 10 min
Gbg is PKD, resulting in the stimulation of its kinaseat 308C. Immunoprecipitated PKD displayed a 3.5-fold
activity and the propagation of the Golgi fragmentationincrease in autophosphorylation when incubated with 25
pathway.nM Gbg from bovine brain (Figure 4). The Gbg-mediated
stimulation in PKD activity was abolished by the pres-
ence of 90 mM of the kinase inhibitor H89. However, 30 Gbg Activates PKD through Its Interaction
with the PH DomainmM of IQ was not able to directly induce any significant
increase in PKD activity (Figure 4). This shows that while A novel feature of PKD is the presence of a PH domain
between the second cysteine-rich zinc finger of the reg-Gbg can directly activate PKD, IQ requires additional
components. We then tested the ability of IQ and Gbg ulatory region and the kinase domain. The PH domain
of PKD has been recognized as an important moduleto increase the activity of PKD in purified rat liver Golgi
membranes as the source of PKD. Purified Golgi mem- that mediates protein±lipid and protein±protein interac-
tions (Musacchio et al., 1993). For example, the PH do-branes were incubated with either 30 mM IQ or 25 nM
Gbg, a synthetic peptide substrate for PKD (syntide 2), main has been shown to mediate the binding of Gbg
with b-adrenergic receptor kinase (Koch et al., 1993).and [32P]ATP for 20 min at 378C. PKD activity was deter-
mined by the incorporation of radiolabeled phosphate Additionally, recent reports have shown that it may mod-
ulate the activity of the protein on which it is located.in the recovered peptide substrate. Phosphorylation of
syntide 2 was about 2.5-fold higher in membranes For instance, mutations or removal of the PH domain of
PKCmÐthe human homolog of PKDÐresults in a signifi-treated with IQ relative to those treated with DMSO (Fig-
ure 5A). The syntide 2 peptide was also observed to cant increase in the basal activity of this kinase (Iglesias
and Rozengurt, 1998). Similarly, deletion of the entireinhibit the vesiculating effects of IQ (data not shown).
As with previous experiments, this stimulation of PKD PH domain of PKB/Akt resulted in a higher basal activity
of this kinase (Sable et al., 1998). These findings suggestactivity was abrogated by the presence of 90 mM H89
G Proteins and Kinases Regulate Golgi Organization
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Figure 6. PKCm Antibody Inhibits Golgi Fragmentation
Permeabilized, salt-washed cells were incubated with increasing
concentrations of an antibody recognizing the PH domain of either
PKCm or Bruton's tyrosine kinase (Btk) as a control. Cells were
treated with 30 mM IQ for 60 min at 328C (A) or 25 nM Gbg for 30 Figure 7. Inhibition of Golgi Fragmentation with the Purified PH Do-
min at 328C (B). The organization of Golgi membranes was visualized main of PKD
as described in the legend for Figure 1.
Permeabilized, salt-washed cells were incubated with 30 mM IQ for
60 min at 328C (A) or 25 nM Gbg for 30 min at 328C (B) in the presence
or absence of 3 mg/ml of the PH domain or the mutant PH domain
(RKR/GAG). Golgi fragmentation was visualized and quantitated asthat the PH domain, in addition to facilitating protein
described in the legend for Figure 1.binding, can serve to negatively regulate the activity of
the enzyme. To test whether the PH domain of PKD is
involved in the stimulation of kinase activity during the
PKD Activity Is Required for Transportprocess of Golgi fragmentation, we sought to inhibit
along the Secretory Pathwaythe interaction of Gbg with this protein module. This
The data presented so far demonstrated that the activityexperiment assumes that engaging the PH region of
of PKD is required for maintaining the structural integrityPKD with Gbg relieves the negative regulation of this
of the Golgi membranes. But is this activity also impor-domain. Addition of an antibody with an epitope that
tant for protein transport along the secretory pathway?overlaps with the PH domain of PKD to permeabilized
To answer this question, we have monitored proteinand salt-washed cells treated with either 30 mM IQ or
transport in vesicular stomatitis virus (VSV)-infected25 nM Gbg and an ATP-regenerating system was able
NRK cells. VSV-G protein from a temperature-sensitiveto significantly reduce the ability of these reagents to
strain (tsO45) has been used extensively as a markerfragment the Golgi. Titration of the PKCm antibody into
protein to elucidate the mechanisms regulating the se-IQ-treated cells caused increasing inhibition of Golgi
cretory pathway. At the nonpermissive temperature offragmentation, with 200 mg/ml of antibody providing
39.58C, a folding defect causes this protein to be re-nearly 50% inhibition (Figure 6A). However, addition of
tained in the endoplasmic reticulum (ER). Upon shifting200 mg/ml of an antibody against the PH domain of
the cells to the permissive temperature of 328C, theBruton's tyrosine kinase (Btk) to this system did not alter
VSV-G protein assumes its correct conformation and isthe efficiency of fragmentation (Figure 6A). Likewise,
transported out of the ER and through the secretoryaddition of 200 mg/ml of the PKCm antibody to Gbg-
pathway.treated cells reduced Golgi fragmentation by 50%,
NRK cells were infected with the tsO45 strain, andwhereas the Btk antibody provided no inhibition from
transport of the VSV-G protein was monitored by immu-fragmentation (Figure 6B).
nofluorescence. For a negative control, the cells wereTo further validate the finding that the PH domain of
fixed before shifting to the permissive temperature whenPKD is involved in regulating Golgi structure, we tested
the VSV-G protein was arrested in the ER. As a positivewhether the PH domain of PKD could interact with the
control, the cells were incubated at the permissive tem-free Gbg to sequester it away from its intracellular target.
perature in the absence of any inhibitors, and in thisFor this, permeabilized and salt-washed cells were incu-
case, the VSV-G protein was present in the Golgi andbated with 3 mg/ml of purified PH domain from PKD and
at the plasma membrane. We first tested the effect of 90either 30 mM IQ or 25 nM Gbg in the presence of an
mM of H89, which was able to inhibit Golgi fragmentationATP-regenerating system. This truncated protein was
induced by Gbg or IQ. Infected NRK cells were incubatedsufficient to inhibit the effects of both IQ and Gbg. Golgi
with H89 for 20 min at nonpermissive temperature andfragmentation induced by IQ was reduced from greater
than 90% to nearly 50%, while Gbg-mediated fragmen- then shifted to the permissive temperature for 45 min.
The cells were then stained with an antibody againsttation was reduced from an average of 86% to 45%
(Figures 7A and 7B). As a control, a mutated form of the VSV-G protein. Figure 8A shows that H89 inhibits
VSV-G transport, resulting in the accumulation of thisthis PH domain was tested to determine whether it had
inhibitory activity over IQ- and Gbg-mediated fragmen- protein in the ER. The effect of H89 is not due to the
inhibition of PKA, since PKI (20 mM), a specific PKAtation. For this purpose, the PH domain in which amino
acids RKR at position 445±447 were replaced with GAG, inhibitor, had no effect on VSV-G transport (Figure 8A).
We next tested the effect of PKD-specific peptidewhich presumably destroys the interaction of PH do-
mains with lipids or other ligands, was employed. Addi- substrate, m peptide, in the transport of VSV-G protein
in permeabilized cells. The infected NRK cells were incu-tion of this mutated PH domain did not decrease the
amount of Golgi fragmentation induced by either IQ or bated at nonpermissive temperature to arrest the newly
synthesized VSV-G protein in the ER. After permeabiliza-Gbg (Figures 7A and 7B).
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Gbg and the PH domain of PKD inhibits protein transport
along the secretory pathway.
Discussion
The major points of interest emerging from our studies
are as follows. (1) PKD is required for IQ- and Gbg-
mediated Golgi fragmentation. (2) Both of these re-
agents stimulate PKD activity. Gbg directly activates
PKD, whereas IQ does so through the involvement of
Gbg. (3) Gbg-mediated activation of PKD is through in-
teraction with the PH domain of PKD. (4) In addition to
regulating Golgi structure, PKD plays a role in protein
secretion.
The mechanism by which stacks of Golgi cisternae
maintain their organization is relatively unknown. Our
view is that there exists a fine balance between mem-
brane insertion and extraction (during protein transport)
to ensure that the structural integrity of the Golgi is not
compromised. Any event that perturbs this balance would
cause Golgi membranes to lose their organization (Ja-
mora et al., 1997; Glick and Malhotra, 1998). This might
Figure 8. PKD Activity Is Required for Protein Transport explain the effects of drugs such as BFA and IQ and
NRK cells infected with the tsO45 strain of VSV were incubated with various mutations in proteins involved in membrane
90 mM H89 or 20 mM PKI at nonpermissive temperature for 20 min transport that result in the complete loss of Golgi struc-
and then shifted to permissive temperature for 45 min (A). VSV- ture (Takizawa et al., 1993; Guo et al., 1994; Lippincott-
infected cells were permeabilized and incubated with peptide sub-
Schwartz, 1998). By using this as a paradigm, we havestrate or the scrambled peptide at 5 mg/mg cytosol (B) or with 3 mg/
begun an analysis of the mechanism by which IQ causesml PH domain or the mutant PH (RKR/GAG) domain (C) as described
a complete fragmentation of Golgi membranes. We havein the Experimental Procedures. The VSV-G protein was visualized
by immunofluorescence using the P5D4 antibody. previously shown that IQ-mediated fragmentation of
Golgi membranes is through the involvement of hetero-
trimeric G proteins. In particular, the free Gbg subunit
of the G protein complex is the active component (Ja-tion with digitonin (30 mg/ml), the cells were preloaded
by incubating at room temperature with m peptide or mora et al., 1997). In this report, we have presented
evidence that PKD is a constituent of the IQ/Gbg±medi-the scrambled form of m peptide (125 mg) in KHM buffer.
Cells were then incubated with an ATP regeneration ated fragmentation pathway. The fact that Gbg can acti-
vate purified PKD strongly indicates that PKD is thesystem and cytosol (25 mg of protein) in the presence
of the peptides (5 mg/mg cytosol) at permissive tempera- immediate downstream target of Gbg. On the other hand,
IQ activates PKD through the generation of free Gbg.ture for 60 min. The cells were fixed and stained with
an antibody against the VSV-G protein. The m peptide, Several characteristics of PKD make it an attractive
candidate as a specific target of Gbg. The observationbut not the scrambled peptide, was able to block VSV-G
transport from the ER (Figure 8B). that IQ- and Gbg-mediated Golgi fragmentation does
not require cytosolic or peripheral membrane proteinsBecause the PH domain of PKD was able to inhibit
Golgi fragmentation induced by IQ or Gbg, we next is inconsistent with the conventional and novel isoforms
of PKCs that usually translocate from the cytosol to thetested the effect of the PH domain in ER-to-Golgi protein
transport in semi-intact NRK cells. After infection with membrane upon activation. PKD, however, is a resident
enzyme on Golgi membranes. Though PKD is the onlythe tsO45 strain of VSV and incubation at nonpermissive
temperature, the cells were permeabilized with digito- member of the PKC superfamily with a putative mem-
brane-spanning domain, we have found that PKD is notnin. After permeabilization, the cells were incubated with
3 mg/ml PH domain or PH mutant (RKR/GAG) in KHM a transmembrane protein, since washing isolated Golgi
membranes with urea causes release of this kinasefor 10 min at room temperature. Following this preload-
ing step, cells were incubated with ATP regeneration (data not shown). Though the mechanism by which PKD
is tightly bound to Golgi membranes is currently notsystem and cytosol in the presence of the PH domain
or the mutant form at the same concentration described known, its constant association with the membrane is
particularly cogent in light of the fact that Gbg remainsabove at the permissive temperature for 60 min. The
cells were stained with VSV-G protein antibody and visu- attached to the lipid bilayer upon dissociation from Ga.
Furthermore, PKD is unique within the PKC family in thatalized by fluorescence microscopy. As shown in Figure
8C, the PH domain was also able to block VSV-G trans- it contains a PH domain that is located in its regulatory
region. PH domains have been shown to be requiredport from ER to Golgi. Though VSV-G protein was ar-
rested in the ER with the PH domain, normal VSV-G for effective binding of Gbg to its substrate (Koch et al.,
1993). Our findings correlate well with the properties oftransport occurred when the mutant PH domain was
used. Together these data demonstrate that interfering Gbg and the PH domain of PKD. Recent reports have
shown that mutations or removal of the PH domain ofwith PKD activity or inhibiting the interaction between
G Proteins and Kinases Regulate Golgi Organization
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certain kinases leads to an increase in the basal activity pathway (Bomsel and Mostov, 1992). For instance, it
was found that IgE receptors and PKC can regulate theof the protein (Iglesias and Rozengurt, 1998; Sable et
al., 1998). Similarly, the dissociated Gbg (after activation binding of ADP-ribosylation factor (ARF) and b-COP to
Golgi membranes in rat basophilic leukemia cells (Deof the heterotrimeric G protein) binds to the PH domain
of PKD, resulting in the stimulation of its kinase activity. Matteis et al., 1993). Of particular interest is the observa-
tion that transient overexpression of PKD caused anThe active kinase then initiates a set of reactions culmi-
nating in the fragmentation of Golgi membranes. Adding increase in the basal transport level of the cell (Prestle
et al., 1996).pure PH domain to permeabilized cells in the presence
of IQ or free Gbg to act as a competitive inhibitor, by
preventing the binding of membrane-associated Gbg to What Is Downstream of PKD?
PKD, inhibits the fragmentation of Golgi membranes. Emr and colleagues have shown that Vps15p and
One prediction based on these observations would be Vps34p, a Ser/Thr protein kinase and a phosphatidylino-
that a mutant of PKD that can interact with Gbg but is sitol-specific 3 kinase (PI3K), respectively, are required
otherwise incapable of transducing the signaling path- for the efficient sorting and delivery of proteins from
way any further should also inhibit Golgi fragmentation. Golgi to the vacuole in yeast (Stack et al., 1995). The
Consistent with this idea, we have found that a kinase- function of Vps15p in this process is to recruit Vps34p
dead form of PKD (K618N) that contains an intact regula- to the trans-Golgi network. We have found that PI3K is
tory region decreased Golgi fragmentation induced by not likely to be involved in the IQ- and Gbg-mediated
IQ or Gbg to nearly the same level as that observed fragmentation of the Golgi, as the generic PI3K inhibitor
using purified PH domain (data not shown). wortmannin does not inhibit this process (data not
An antibody made against the region covering the shown). Interestingly, Nishikawa and colleagues (1998)
PH domain of PKD also inhibits IQ- and Gbg-mediated have recently shown that PKD can be immunoprecipi-
fragmentation. The ability to specifically affect the PH tated with the activities of phosphatidylinositol 4-kinase
domain on PKD and still inhibit Golgi fragmentation fur- (PI4K) and phosphatidylinositol-4-phosphate 5-kinase
ther bolsters our proposal that Gbg-mediated Golgi frag- (PI-4P-5K) in cells transfected with PKD. These lipid
mentation is through its interaction with the PH domain kinases have been shown to play a role in vesicular
of the PKD. Though the mechanism by which binding traffic (Liscovitch and Cantley, 1995). These findings
of Gbg to the PH domain stimulates PKD activity remains open the intriguing possibility that different serine/threo-
unresolved, one possibility is that bg relieves the nega- nine kinases recruit different lipid-modifying enzymes
tive inhibition in the same fashion that mutations in the that lead to the generation of specific lipid metabolites
PH domain have been observed to do (Iglesias and Ro- in localized domains of Golgi membranes. These lipid
zengurt, 1998; Sable et al., 1998). products may then catalyze the production of distinct
transport carriers. The Vps34p- and Vps15p-mediated
pathway is highly selective for protein transport in theGbg and PKD Regulate the Process/Number
of Golgi-Specific Transport Events Golgi to the vacuole pathway. The combination of PKD
and PI4K/PI-4P-5K or another lipid kinase(s) may like-We have shown that inhibiting the activity of PKD or
perturbing the interaction between Gbg and PKD by wise be involved in formation of transport carriers bud-
ding from the Golgi en route to destinations along theusing the soluble PH domain inhibits protein transport
from ER to Golgi and across the Golgi stack. How does anterograde (other than the lysosomal) and/or retro-
grade pathways. In other words, different combinationsthe activation of PKD by Gbg relate to the dynamics
of Golgi membranes during normal protein transport of the protein and lipid kinases may be utilized for the
generation of different transport carriers from Golgievents? The process we are trying to understand is how
the Golgi complex maintains its organization as stacks membranes.
Nishikawa et al. (1998) also reported that associationof cisternae amidst the flux of membranes during protein
transport. During the course of normal transport pro- of these lipid kinases with PKCm required the presence
of the amino-terminal region between the ªtransmem-cesses, we have proposed that the dynamics of mem-
brane flux to and from the Golgi is intricately regulated. braneº region and the PH domain. Interestingly, the
K612W mutant of PKCm, which abolishes the kinaseTo achieve this regulation, GbgÐand therefore its down-
stream target PKDÐmay be active only for a short pe- activity of this protein, prevented the association with
the lipid kinases. It was postulated that autophosphory-riod. In this limited time, the sequence of biochemical
events results in the production of a specific number of lation of PKCm, which is blocked in this mutant, is re-
quired for priming the amino terminus to bind othertransport carriers. Inactivation of Gbg stops the signal-
ing cascade, thus shutting down the production of vesi- components. This hypothesis correlates well with our
finding that the addition of the kinase-dead mutant ofcles. Continued activation of Gbg and its downstream
substrate PKD (as in the case of IQ treatment) will result PKD can effectively inhibit IQ- or Gbg-mediated Golgi
fragmentation (data not shown). One possible interpre-in the complete conversion of stacks of Golgi cisternae
into vesicles. Our results demonstrating that proteins tation of our observation is that even though Gbg can
relieve the negative regulation of the PH domain, thewhich regulate Golgi structure also modulate the protein
transport function of this organelle is consistent with inability of the kinase to autophosphorylate itself or an-
other protein can terminate the signaling pathway gov-this idea. The model we have proposed is validated
by a growing body of data supporting the idea that erning Golgi disassembly. Thus, in addition to its func-
tion of modulating the activity of the catalytic domain,membrane receptors and second messenger systems
may modulate membrane traffic along the secretory a role for the regulatory domain as a scaffold to recruit
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the lysate was centrifuged at 10,000 3 g for 15 min. The lysate wasand/or localize other proteins is emerging. Many intrigu-
incubated at 48C for 2 hr with a polyclonal antibody against PKCming questions remain to be addressed in order to eluci-
(kindly provided by D. Fabbro). The antibody±PKD complex wasdate how the Golgi complex is maintained during protein
retrieved by incubating with protein A±Sepharose (Sigma, St. Louis,
transport. We have established that Gbg can stimulate MO) for 1 hr at 48C. The immunoprecipitated PKD was washed three
PKD activity, but not known at this stage is the mecha- times with cold lysis buffer and immediately used in the protein
kinase assays.nism by which Gbg located on Golgi membranes is itself
activated. The search is also on for the downstream
cDNA Constructs and Protein Purificationtarget(s) of PKD, which regulates the dynamics of Golgi
cDNA constructs and protein purification of the full-length PKD,membranes. In addition, it is important to note that the
catalytic and PH domains, and PKD mutants were prepared asreaction we measure involves fragmentation of Golgi
described elsewhere (J. V. L. et al., submitted).
membranes and the subsequent dispersal of the frag-
ments away from the pericentriolar region. This is likely Treatment of Cells with Protein Kinase Inhibitors
to require numerous components of the vesicle forma- Membrane-permeant inhibitors were added to intact NRK cells with
30 mM IQ in complete media supplemented with 25 mM HEPES (pHtion machinery and the formation of many intermediate
7.2) and incubated for 1 hr at 378C. For membrane-impermeantstructures. For example, it is not known whether the
inhibitors, NRK cells were made semi-intact, salt washed with 1 Mstacks have to be unstacked during this process or
KCl, and incubated with an ATP-regenerating system and 30 mM IQwhether there is also a need to prevent the fusion of
as previously described (Jamora et al., 1997). Cells treated with 25
Golgi fragments to each other or to other compartments nM Gbg to fragment the Golgi were permeabilized, salt washed,
of the endocytic±exocytic pathway. Finally, there are and incubated with or without kinase inhibitors for 30 min at 328C.
Incubations containing IQ or Gbg were carried out in a 50 ml reaction.likely multiple components, each with their own regula-
Following incubation, the cells were fixed for 10 min with 4% formal-tory cohort, involved in transporting the Golgi fragments
dehyde in PBS and the Golgi visualized by immunofluorescenceaway from the center of the cells.
with an antibody against manII or via the GFP-tagged sialyltransfer-In this paper, we make the novel observation that a
ase. The effect of various reagents on the structure of the Golgi was
specific kinase, PKD, plays a role in both the mainte- quantified by counting two hundred cells per coverslip and scoring
nance of Golgi structure and function. However, due to for intact versus fragmented Golgi membranes. The ability of each
inhibitor to inhibit their respective constitutively active kinase wasthe multifactorial nature of these processes, we cannot
verified by testing their activity in the kinase assay described belowrule out the participation of other kinase(s). It is therefore
in the presence of NRK cytosol or KHM. Data presented are thelikely that PKD is a necessary but insufficient component
averages of at least three independent experiments.of the regulatory machinery and may not be solely re-
sponsible for the complete fragmentation and dispersal
Inhibition of IQ- and Gbg-Mediated Golgi Fragmentation
of the Golgi that we monitor in our assay. Identification with Peptide Substrates
of other components on the Golgi membranes that are Permeabilized and salt-washed NRK or NRK(ST-GFP) cells were
incubated with an ATP-regenerating system along with a peptideactivated by Gbg and PKD will help to resolve the dy-
substrate and either 30 mM IQ or 25 nM Gbg in a 50 ml reaction.namic organization of Golgi membranes both during the
The cells were incubated at 328C for 1 hr (IQ) or 30 min (Gbg). Cellsprocesses of protein transport and cell division.
were fixed as described above and the status of the Golgi monitored
by immunofluorescence using manII antibody or the GFP-tagged
Experimental Procedures sialyltransferase. Results were quantitated by counting two hundred
cells on each coverslip and scoring them according to whether they
Reagents and Cells contained intact or fragmented Golgi. The data presented are the
All tissue culture cells were grown as described previously (Jamora average of at least three independent experiments.
et al., 1997). Digitonin, calphostin C, PKI, H89, syntide 2, and Go6983
were purchased from Calbiochem Novabiochem (San Diego, CA). Protein Kinase Assay
Rabbit anti-mannosidase II (manII) was provided by Dr. Kelly More- The protein kinase assay used is a modification of Kikkawa et al.
man (University of Georgia). The mouse antibody against human (1982). Briefly, a reaction consisting of either purified protein kinase,
PKCm was obtained from Transduction Laboratories (Lexington, Golgi membranes isolated from rat liver Golgi, or PKD immunoiso-
KY). Fluorescein-conjugated goat anti-mouse, rhodamine-conju- lated from NRK cells and complexed to protein A±Sepharose was
gated goat anti-rabbit, and HRP-conjugated secondary antibodies used (diluted in 20 mM HEPES [pH 7.4] to a volume of 48 ml). The
were purchased from Boehringer Mannheim Biochemicals (India- phosphorylation reaction was initiated by the addition of 16 ml of
napolis, IN). The mouse monoclonal antibody against the PH domain GO solution (500 mM ATP, 25 mM MgCl2, 100 mM HEPES, and 0.25
of Btk was kindly provided by Dr. David Nelson (NIH). Bovine brain mg/ml peptide substrate; 75 mCi [32P]ATP was added per milliliter
Gbg was generously provided by Dr. David Clapham (Harvard Medi- of GO solution). The total volume of the reaction was adjusted to
cal School). [g-32P]ATP was purchased from NEN (Costa Mesa, CA). 80 ml with 20 mM HEPES (pH 7.4) after addition of buffer, 30 mM
Rat liver Golgi membranes were purified as described by Slusare- IQ, DMSO, 25 nM Gbg, or 90 mM H89. This reaction was incubated
wicz et al. (1994). The optimal peptide substrates for PKCm, PKCe, at 308C for 10 min (or at 378C for 20 min with the use of purified
and PKCbI were kindly provided by K. Nishikawa (Harvard Medical Golgi membranes). Phosphorylation of peptide substrates was
School). Other m-based peptides were synthesized by Alpha Diag- quenched by the addition of 25 ml of STOP (0.1 M ATP [pH 8]
nostic International (Texas) and reconstituted in water. The tsO45 and 0.1 M EDTA [pH 8]). Eighty-five microliters of the reaction was
strain of the vesicular stomatitis virus was kindly provided by Dr. spotted on P81 Whatman ion exchange chromatography paper
W. Balch (Scripps Research Institute, La Jolla, CA). (Fisher, Tustin, CA) and washed four times in 500 ml of 0.4% phos-
phoric acid for 5 min/wash. The filters were then washed with 500 ml
of 95% ethanol. The amount of radiolabeled phosphate incorporatedImmunoprecipitation of PKD
NRK cells grown on tissue culture dishes were washed in ice-cold into the peptide was quantified by analyzing the Whatman papers
by liquid scintillation counting. For autophosphorylation reactions,PBS. Lysis buffer (150 mM NaCl, 1% Triton X-100, 0.5% sodium
deoxycholate, 0.1% SDS, 50 mM Tris [pH 8.0], with 0.1 mM PMSF, the reactions were quenched by the addition of 43 sample buffer.
These were run on SDS-PAGE, transferred to nitrocellulose, and0.2 mg/ml aprotinin, 0.2 mg/ml leupeptin, and 0.2 mg/ml pepstatin,
1 mM benzamidine) was added to each dish and the cells scraped exposed to film. Equal loading of protein was verified by probing
the nitrocellulose filter with the PKD antibody.off and collected into a tube. Following a 30 min incubation on ice,
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Activation of PKD by Gbg through the PH Domain Guo, Q., Vasile, E., and Krieger, M. (1994). Disruptions in Golgi struc-
ture and membrane traffic in a conditional lethal mammalian cellCharacterization of the ability of Gbg to stimulate PKD was mea-
mutant are corrected by epsilon-COP. J. Cell Biol. 125, 1213±1224.sured by inhibiting the interaction of these two proteins under the
same conditions described above for the peptide substrates. A Iglesias, T., and Rozengurt, E. (1998). Protein kinase D activation
monoclonal antibody recognizing a region of PKD encompassing by mutations within its pleckstrin homology domain. J. Biol. Chem.
the PH domain, the purified PH domain, or the purified PH domain 273, 410±416.
with amino acids RKR (445±447) replaced with GAG was added to Jamora, C., Takizawa, P.A., Zaarour, R.F., Denesvre, C., Faulkner,
permeabilized and salt-washed cells with IQ or Gbg. The ability of D.J., and Malhotra V. (1997). Regulation of Golgi structure through
these reagents to inhibit Golgi fragmentation was monitored by heterotrimeric G proteins. Cell 91, 617±626.
immunofluorescence.
Johannes, F.J., Prestle, J., Eis, S., Oberhagemann, P., and Pfizen-
maier, K. (1994). PKCm is a novel, atypical member of the protein
Morphological Analysis of VSV-G Transport kinase C family. J. Biol. Chem. 269, 6140±6148.
NRK cells were grown on 12 mm glass coverslips coated with
Johannes, F.J., Prestle, J., Dieterich, S., Oberhagemann, P., Link,Pronectin F. The cells were infected with the tsO45 strain of VSV
G., and Pfizenmaier, K. (1995). Characterization of activators and(10 ml/ml) for 45 min at 328C in a-MEM medium containing 25 mM
inhibitors of protein kinase C mu. Eur. J. Biochem. 227, 303±307.HEPES-KOH (pH 7.4), 0.5 mg/ml actinomycin D. One and one-half
Kikkawa, U., Takai, Y., Minakuchi, R., Inohara, S., and Nishizuka, Y.milliliters a-MEM containing 25 mm HEPES-KOH (pH 7.4) and 10%
(1982). Calcium-activated, phospholipid-dependent protein kinaseFBS was added and left for an additional 90 min. The cells were
from rat brain. Subcellular distribution, purification, and properties.then transferred to 408C (nonpermissive temperature) for 2 hr. The
J. Biol. Chem. 257, 13341±13348.cells were then washed with PBS and incubated with H89 (90 mM)
Kobayashi, E., Nakano, H., Morimoto, M., and Tamaoki, T. (1989).or PKI (20 mM) for 20 min at 408C or permeabilized with digitonin
Calphostin C (UCN-1028C), a novel microbial compound, is a highly(30 mg/ml) as described by Jamora et al. (1997). After permeabiliza-
potent and specific inhibitor of protein kinase C. Biochem. Biophys.tion, the cells were preloaded with m peptide/scrambled form of m
Res. Commun. 159, 548±553.peptide (125 mg) or PH domain/PH (RKR/GAG) mutant form (3 mg/
ml) for 10 min at room temperature. To allow the transport of VSV-G Koch, W.J., Inglese, J., Stone, W.C., and Lefkowitz, R.J. (1993).
protein to occur, the intact cells were shifted to 328C for 45 min, The binding site for the beta gamma subunits of heterotrimeric G
and the semi-intact cells were incubated in a transport cocktail in proteins on the beta-adrenergic receptor kinase. J. Biol. Chem. 268,
a final volume of 50 ml containing an ATP regeneration system (10 8256±8260.
mM creatine phosphate, 42 mg/ml creatine kinase, 0.5 mM UTP, Lehel, C., Olah, Z., Jakab, G., and Anderson, W.B. (1995). Protein
0.25 mM ATP), 0.2 mM CaCl2, 0.01 mM EGTA, 1 mM UDP-N-acetyl- kinase C epsilon is localized to the Golgi via its zinc-finger domain
D-glucosamine) and 25 mg cytosol in KHM buffer for 60 min at 328C. and modulates Golgi function. Proc. Natl. Acad. Sci. USA 92, 1406±
The cells were fixed with 4% formaldehyde in PBS for 10 min and 1410.
stained with VSV-G antibody (P5D4) as described by Takizawa et
Lippincott-Schwartz, J. (1998). Cytoskeletal proteins and Golgi dy-
al. (1993). namics. Curr. Opin. Cell Biol. 10, 52±59.
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